The interactions of seven isolates of peanut stunt cucumovirus (PSV) originating from North America, Europe and Africa, and two variants of PSV satellite RNA (sat RNA) were analysed. Electrophoretic and immunoblot analyses of the coat protein (CP) and Northern blot hybridization analyses of the viral RNAs showed that isolates PSV F352, 1339 and 1507 belonged to subgroup I, and isolates PSV W, Su and B to subgroup II. The seventh isolate, robinia mosaic virus (RoMV) clustered with subgroup I isolates by CP analysis, but was related to both subgroups by RNA hybridization analysis. The ability to support the accumulation of two newly described sat RNA variants, P4 and P6 sat RNAs, was not
Introduction
Peanut stunt virus (PSV), a member of the plant virus genus Cucumovirus, was first described in 1966 and has since been reported causing epidemics in legume crops in the Americas, Europe, Asia and Africa (Mink, 1972) . The complete nucleotide sequences of the Japanese and ER strains of PSV have been determined (Karasawa et al., 1991 (Karasawa et al., , 1992 Naidu et al., 1995) , showing a genome organization homologous to that of cucumber mosaic virus (CMV) Ding et al., 1994) . Soon after its first description, biological diversity among PSV strains was noticed and two strain subgroups were proposed, based on host range, particle stability and immunological relationships (Mink et al., 1967 (Mink et al., , 1969 . These subgroups were named Eastern (E) and Western (W) according to the origin within the USA of the type strains (E and W) of each Author for correspondence : Fernando Garcı! a-Arenal.
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The EMBL accession numbers of the sequences reported in this paper are Z98197 (P6 sat RNA) and Z98198 (P4 sat RNA). related to PSV isolate classification : neither PSV W nor RoMV were helper viruses for these PSV sat RNAs. Symptom modulation by both sat RNAs was the same : the presence of sat RNA did not modify the symptoms induced by subgroup I isolates but exacerbated the symptoms induced by subgroup II isolates in both tobacco and cowpea. Sat RNAs P4 and P6 contained 393 nucleotides, and differed only in three nucleotide substitutions. This resulted in marked differences in infectivity, level of accumulation and relative encapsidation between both the sat RNAs. Accumulation levels and relative encapsidation of sat RNAs was also affected by the isolate of helper virus.
group. Most reported PSV isolates belong to the E-type, which appears to be more diverse than the W-type (Xu et al., 1986) . Classification of PSV strains into two subgroups was further supported by competition hybridization analyses (Dı! az-Ruiz & Kaper, 1983) and, recently, by nucleotide sequence analysis of RNA 3, which showed identities of above 90 % for subgroup I (E-type) strains and of about 80 % between subgroup I and subgroup II (W-type) strains (Hu et al., 1997) . Nevertheless, serology comparisons involving primarily Old World isolates suggest a higher diversity for PSV, as there are strains that do not fit clearly into types E (subgroup I) or W (subgroup II) (Richter et al., 1987) . This was especially the case for isolates originally classified as robinia mosaic virus (RoMV ; Schmelzer, 1971) .
As is the case for CMV, PSV is a helper virus (HV) for a satellite RNA (sat RNA) ; CMV and PSV do not support the heterologous sat RNA . PSV sat RNA was first reported associated with a PSV isolated in 1976 in Virginia . Since then, five sequence variants of PSV sat RNA have been reported (Collmer et al., 1985 ; Naidu et al., 1991 ; Ferreiro et al., 1996) . These PSV sat RNAs did not modify, nor attenuate, the symptoms induced by the HV and, interestingly, were only supported by subgroup I strains (Naidu et al., 1995) . In fact, the inability to support sat RNA has been used as a criterion of differentiation of PSV strains (Naidu et al., 1995) .
Work on PSV\PSV sat RNA interaction has been based mostly on the analyses of USA isolates, and included only one W-type isolate (the original PSV W strain) plus an E\W reassortant strain (Naidu et al., 1995) . We have re-examined these issues using a PSV strain collection that includes isolates from North America, Europe and Africa. We report here that the classification of PSV strains into just two subgroups may be an oversimplification of more complex taxonomical relationships. We also show that the ability of PSV strains to maintain PSV sat RNA does not correlate with their classification to subgroups I or II, and that the HV\sat RNA interaction results in complex effects depending on the particular HV and sat RNA variants.
Methods
Virus and satellite strains. The following PSV isolates were used in this work : PSV F352, from Northern Italy, a gift from V. Lisa (Istituto di Fitovirologia Applicata, Torino) ; PSV 74-23 and PSV 76-69 of E-type (Dı! az-Ruiz & Kaper, 1983 ) from Virginia, USA, a gift from C. Collmer (Cornell University, NY), PSV 1339 and PSV 1507 are satellite-free subcultures of these strains ; PSV B, from Central Spain (Dı! az-Ruiz et al., 1979) , a gift from J. R. Dı! az-Ruiz (CIB-CSIC, Madrid) ; PSV Su from Sudan (Sadiq & Ahmed, 1985) , a gift from A. H. Ahmed (University of Khartum, Shambat) ; PSV W, belonging to the W-type, from Washington, USA (Mink et al., 1969) , a gift from S. Ghabrial (University of Kentucky, Lexington) ; and an RoMV isolate from the former East Germany (Schmelzer, 1967) , a gift from H. Kleinhempel (Institut fu$ r Phytopathologie Aschersleben, Berlin). These strains were multiplied in Nicotiana tabacum cv. Xanthi-nc, except for RoMV, which infects tobacco poorly and was multiplied in N. clevelandii. Virions were purified as described by Ghabrial et al. (1977) and RNA was extracted with phenol and SDS.
Isolates PSV 74-23 and PSV 76-69 encapsidated sat RNAs that were named P4 and P6 sat RNAs, respectively. Sat RNA was purified from virion RNA by elution of the corresponding RNA band after electrophoresis in 6 % polyacrylamide-7 M urea gels (Palukaitis & Zaitlin, 1984) .
Other cucumovirus (1-TAV, LS-CMV, Fny-CMV), stocks in our laboratory, have been described (Moriones et al., 1991 ; Owen & Palukaitis, 1988) .
Nucleic acid preparation and analysis. Total RNA preparations from infected or mock-inoculated leaves were as in Zelcer et al. (1981) , followed by a 2 M LiCl fractionation . Electrophoretic analysis of virion RNAs or leaf RNA extracts was in 1n2% agarose gels, in TBE buffer. For Northern blots, electrophoresis was in 1n2 % agarose gels in MOPS buffer (Sambrook et al., 1989) . Probes for Northern blots were random-primed cDNA to PSV RNAs, obtained as in Sambrook et al. (1989) , or plasmid-derived cRNA to the sat RNAs (see below).
To detect and quantify the amount of sat RNA in infected leaves, total RNA extracts from individual plants were dot-blotted to nitrocellulose membranes, as was a series of standards of known amounts of gel-purified sat RNA. After hybridization with sat RNA cRNA probes, autoradiograms were analysed with a densitometer, using the values from the sat RNA controls to quantify the amount of sat RNA in each sample.
DNA inserts from plasmids were sequenced by the ddNTP chaintermination method using M13 subclones (Sanger et al., 1977) . The sequence of sat RNAs from the progeny of biological assays was determined after RT-PCR with the fmol sequencing kit (Promega). The sequences at the 3h and 5h ends of the sat RNAs associated with PSV isolates 74-23 and 76-79 were determined by partial enzymatic cleavage of 3h and 5h $#P-end-labelled sat RNAs, respectively (Garcı! a- Arenal et al., 1987) .
Protein electrophoresis and immunoblots. Purified virions were disrupted and the electrophoretic mobility of their coat proteins (CPs) was analysed in discontinuous 12 % SDS-PAGE (Laemmli, 1970) . Proteins were detected by staining with Coomassie brilliant blue or, after transfer to nitrocellulose membranes, by immunodetection (Western blot) with polyclonal antibodies raised against PSV F352 virions (a gift from V. Lisa), using standard procedures (Sambrook et al., 1989) .
Construction of full-length clones of PSV sat RNAs. cDNA to P4 and P6 sat RNAs was obtained by RT-PCR (Saiki et al., 1988) using, as primers, the oligonucleotides 5h CCTCGAGGGTCGTG 3h, containing a XhoI restriction site followed by eight residues (underlined) complementary to the 3h-terminal nucleotides of sat RNA, and 5h GAATT-CTAATACGACTCACTATAGGTTTTGTTTTG 3h, containing an EcoRI site, a modified T7 promoter and 11 residues (underlined) identical to the 5h end of PSV sat RNAs. PCR-amplified cDNA was digested with EcoRI and XhoI and cloned into pBS to give full-length clones pBSP4 and pBSP6. Plasmids were multiplied in E. coli DH5α. Infectious P4 and P6 sat RNAs were transcribed from these plasmids with T7 RNA polymerase after linearization with XhoI. cRNA probes were synthesized from these plasmids with T3 RNA polymerase in the presence of [$#P]UTP, after linearization with EcoRI.
Biological assays.
Interactions between PSV and PSV sat RNA strains were analysed in either cowpea plants (Vigna unguiculata cv. Black Eye) or N. tabacum cv. Xanthi-nc plants (or N. clevelandii for RoMV). Inoculum (10 µl per plant) was applied to the first true leaves (for cowpea plants) or to the youngest expanded leaf (tobacco and N. clevelandii plants). HV RNA (200 µg\ml) with or without in vitro-transcribed sat RNA (25 µg\ml) in 0n1 M Na # HPO % was used as the inoculum. The quality and concentration of in vitro transcripts was checked by agarose gel electrophoresis and ethidium bromide staining. At least 10 plants per treatment were included in each assay and each assay was done at least twice. Plants were kept in a greenhouse at 20-25 mC, 16 h light. Symptoms were recorded for 4 weeks after inoculation, and virions and nucleic acids were extracted from inoculated and systemically infected leaves 10 and 20 days post-inoculation (p.i.), respectively. For sat RNA infectivity assays, inocula consisted of 200 µg\ml of PSV B RNA plus sat RNA at 50, 5, 0n5 and 0n05 µg\ml. Ten plants per treatment were inoculated and analysed for the presence and amount of sat RNA in inoculated leaves 10 days p.i.
Results

Comparative analyses of different PSV strains
The relationships between seven PSV strains were analysed by comparing their electrophoretic mobilities, the reactivity of their CPs to an antiserum, and by hybridization analysis of their genomic RNAs. Electrophoresis showed that CPs of isolates F352, 1507, 1339 and RoMV migrated similarly, as a polypeptide of about 30 kDa (Fig. 1) . The CPs of isolates Su, B and W also showed the same electrophoretic mobility, which was slower than that of isolates F352, 1507, 1339 and RoMV, and corresponded to a polypeptide of about 31 kDa. A double band in isolates Su and W could be due to partial proteolysis during extraction (Fig. 1) . Antibodies raised against PSV F352 CP reacted with the CP of all seven isolates, but the reaction was stronger with the four faster migrating CPs (Fig. 1 B) . Thus, analysis of the CPs separates these PSV isolates into two well-defined groups : F352 and RoMV grouped with isolates 1339 and 1507, of subgroup I, and isolates B and Su grouped with PSV W, of subgroup II.
The results of the hybridization analyses are shown in Fig.  2 . Northern blots showed that random-primed cDNA to subgroup II isolates B and W hybridized with RNA of isolates W, B, and Su. PSV B probe also hybridized faintly with RNAs 1, 2 and 3 of RoMV (Fig. 2 B, C) . Random-probed cDNA to PSV 1507 RNA hybridized strongly to RNAs of PSV F352, 1507 and 1339, and faintly to RNAs 3 and 4 of RoMV, but not at all with PSV Su, B or W (Fig. 2 D) . cDNA to RoMV hybridized strongly to the homologous RNA, and more weakly to the RNAs of other PSV strains (Fig. 2 E) . A faint hybridization to RNA 1 of 1-TAV was also detected. cDNA to 1-TAV, LS-CMV or Fny-CMV detected only the homologous RNA (Fig. 2 F and not shown) .
Thus, hybridization analyses confirm that PSV isolates F352, 1339 and 1507 and isolates B, Su and W form two welldefined groups corresponding to the subgroups I and II defined by Hu et al. (1997) . RoMV which, according to CP analysis, could be grouped into subgroup I, does not belong clearly to only one of these two subgroups and is partially related to both.
Characterization of two new PSV sat RNA variants
PSV 74-23 and PSV 76-69 contained sat RNAs that we designated P4 and P6 sat RNAs. Full-length clones representing these sat RNAs were obtained and the sequence of the inserts was determined. For each sat RNA, the sequence of three independent clones was determined and no heterogeneity was detected.
The sequences of P4 sat RNA and P6 sat RNA are deposited in the EMBL data bank under accession numbers Z98198 and Z98197, respectively. Both sequences contain 393 nucleotides and are very similar to other reported sequences of PSV sat RNA (Collmer et al., 1985 ; Naidu et al., 1991) . The similarity was higher with V-sat RNA (Naidu et al., 1991) and with PARNA 5 (Collmer et al., 1985) . From what is known of the passage history of isolates PSV 74-23 and PSV 76-69 (Collmer et al., 1985 ; Naidu et al., 1991) , it is possible that the sequence variants P4 and P6 derive from the same source (PSV 76-69) as PARNA 5 and V-sat RNA. P4, P6 and PARNA 5 sat RNAs differ only at positions 65 (A for P4 ; G for P6 and PARNA 5), 226 (C for P4 and PARNA 5 ; U for P6), 247 (C for P4 and P6 ; U for PARNA 5) and 362 (A for P4 and PARNA 5 ; C for P6). Thus, P4 and P6 sat RNAs differ only by nucleotide substitutions at positions 65, 226 and 362.
Analysis of the interactions between P4 and P6 sat RNAs and seven PSV isolates
The ability of PSV isolates F352, 1507, 1339, Su, B and W and RoMV to maintain sat RNAs P4 and P6 was analysed in either tobacco (or N. clevelandii for RoMV) or cowpea plants. It was shown that all three subgroup I isolates (PSV F352, 1339 and 1507), and two of the three subgroup II isolates (PSV B and Su) were helpers for both sat RNAs, which could be detected as prominent bands in electrophoretic analyses of virion RNA from systemically infected leaves (Fig. 3 for experiments in  tobacco or N. clevelandii plants) . The amount of encapsidated sat RNA varied depending on the HV, being highest for F352, and varied also depending on the sat RNA variant : P6 sat RNA was found in PSV Su virions in higher amounts than P4 sat RNA. No effect of the sat RNAs on the relative amounts of encapsidated HV RNAs was found, except for PSV F352, for which a clear depression of RNAs 1 and 2 was observed. Similar results were obtained in cowpea (not shown). Northern blot analyses of total RNA extracts from systemically infected leaves indicated that P6 sat RNA accumulated to higher levels than P4 sat RNA when PSV B was the HV (Fig. 4) . This effect was not apparent with the other PSV isolates (not shown).
Neither P4 nor P6 sat RNAs were detected in virion RNAs from systemically infected tobacco or N. clevelandii leaves when PSV W or RoMV were assayed as HV (Fig. 3) . Sat RNA was detected in neither total RNA preparations from inoculated nor systemically infected leaves (not shown). Similar results were obtained in cowpea. Thus, PSV W and RoMV are not HVs for the two assayed variants of PSV sat RNA. 1-TAV, LS-CMV and Fny-CMV also failed to maintain these sat RNAs (not shown).
P4 and P6 sat RNAs altered the symptoms induced by subgroup II HV in either tobacco or cowpea plants (Fig. 5 and Table 1 ). While the presence of the sat RNA did not modify the symptoms induced in either host plant by the subgroup I isolates F352, 1339 and 1507, it had a clear aggravating effect on the more severe symptoms induced by the two subgroup II isolates, PSV B and Su (Fig. 5 for PSV B in tobacco) . Thus, while no difference in symptom modulation properties was found between P4 and P6 sat RNAs, a clear differential effect with the HV, related to its subgroup, was found.
During these bioassays, control plants inoculated with PSV B without co-inoculated sat RNA often became contaminated with sat RNA. The contaminant sat RNA was in all cases P6 sat RNA. This phenomenon, plus the high P6 sat RNA accumulation with PSV B, led us to analyse the possible differential interaction of PSV B with P4 and P6 sat RNAs. Assays using a broad range of sat RNA concentrations in the inoculum indeed showed that P6 was a more infectious sat RNA than P4 with PSV B as HV (Table 2) . Also, the quantification of sat RNA accumulation in total RNA extracts from infected leaves showed that P6 sat RNA accumulated to levels up to 10 times higher than P4 sat RNA (Table 2) . Since the differential interaction of both sat RNAs with PSV B was not detected in virion RNAs (cf. Fig. 3 ) it seems likely that PSV B multiplies P6 sat RNA more efficiently than P4 sat RNA, but encapsidates P4 sat RNA more efficiently than P6 sat RNA.
The sat RNA progeny of all the experiments reported in this section was analysed by RT-PCR and nucleotide sequence determination. In no case was the sequence of progeny sat RNA different from that of the inoculum.
Discussion
PSV isolates have been classified into two subgroups on the basis of a wide range of comparative analyses including serology, competition hybridization, sequence comparison and ability to maintain the multiplication of PSV sat RNA (Dı! azRuiz & Kaper, 1983 ; Xu et al., 1986 ; Naidu et al., 1995 ; Hu et al., 1997) . Subgroup I was exemplified by isolates from the Eastern (E) serotype, and subgroup II by isolates of the Western (W) serotype (Mink et al., 1969) . These analyses were mostly carried out with isolates from the USA, but work with European isolates suggested a greater diversity of PSV (Richter et al., 1987) . Our results show that six out of seven PSV isolates compared fit into the bimodal classification scheme : three isolates belong to subgroup I (F352, 1339 and 1507) and three to subgroup II (isolates B, Su and W) based on comparisons of their CPs and Northern blot hybridization. Our data, and those cited above, show that subgroup I and subgroup II isolates are broadly distributed. RoMV was unequivocally classified as a subgroup I isolate by our CP analysis. This was not the case, however, when immunodiffusion was used as the comparison procedure (Richter et al., 1987) . This minor discrepancy may be easily explained by the different analytical methods used. On the other hand, Northern blot hybridization showed that RoMV is a PSV strain related to both subgroups I and II, and cannot be classified in either subgroup. Thus, PSV strains are more diverse, and their relationships more complex, than indicated by previous work (Hu et al., 1997) .
Our results also show that the ability to support PSV sat RNAs is not a criterion for the taxonomy of PSV strains as had been proposed (Naidu et al., 1995) : isolates PSV B and PSV Su, in subgroup II, are efficient HVs of two variant sat RNAs, P4 and P6 sat RNAs. On the other hand, RoMV was not a HV for any of these sat RNAs. It is interesting to note that out of 16 PSV isolates assayed (Naidu et al., 1995 ; Ferreiro et al., 1996 ;  this work) three were found to be unable to support PSV sat RNAs. For CMV, many more isolates have been analysed and only one was found to be defective for this function (McGarvey et al., 1995) .
The effect of PSV sat RNA on the symptoms induced by the HV depend on the sat RNA and on the strain of HV (Naidu et al., 1991 ; this work) . Previously no combination of PSV\sat RNA had been reported that resulted in an aggravation of symptoms. This is possibly a subgroup-specific reaction, as our results suggest, since P4 and P6 sat RNAs, while having no effect on the symptomatology of subgroup I isolates, aggravated the symptoms induced by subgroup II isolates. Subgroup-specific symptom modulation has also been reported for CMV\CMV sat RNA (Sleat & Palukaitis, 1990) . The three nucleotide substitutions between P6 and P4 sat RNA had no effect on symptom modulation but, on the other hand, they have a clear effect on important properties relative to the maintenance of the sat RNA in PSV populations : infectivity, accumulation levels and efficiency of encapsidation. While the first two properties have been analysed only with one HV isolate, the efficiency of encapsidation appears to depend on specific interactions between the PSV isolate and the sat RNA variant, since P6 sat RNA is more efficiently encapsidated than P4 sat RNA by PSV Su, and the reverse is true for PSV B. It is interesting to note that these differences in properties between P4 and P6 sat RNAs have only been observed with subgroup II isolates. The effect of PSV sat RNA on the level of HV genomic RNAs seems to depend on the strain of HV. We found such an effect only with PSV F352, and it has also been reported for PSV ER (Naidu et al., 1991) . Data available at present indicate a less diverse array of interactions between HV and sat RNA for PSV than for CMV. In contrast to interactions between CMV and its sat RNA , no host plant effect has been noticed, even between natural and experimental hosts of PSV from different botanical families (Ferreiro et al., 1996 ; this work) . On the other hand, our work shows that the strain of HV has an important role on the outcome of this interaction. The exploration of the third factor, the sat RNA itself, has been limited up until now to a small number of sequence variants. It is interesting to note that PSV sat RNAs have been reported only from subgroup I strains, either from Eastern USA (Collmer et al., 1985 ; Naidu et al., 1991) or from Eastern Europe (Ferreiro et al., 1996 ; Richter et al., 1987) , and that all are extremely similar in sequence, a situation that clearly differs from that of CMV sat RNAs (Fraile & Garcı! a-Arenal, 1991) . Whether or not PSV sat RNA variability is more tightly constrained than CMV sat RNA variability is an interesting issue that cannot be ascertained until more PSV sat RNAs are described. In any event, as for CMV sat RNA, small sequence differences between PSV sat RNA variants may have large effects on important aspects of its biology.
